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SUMMARY 


A study of data from various wind-tunnel tests of hori- 
zontal tail surfaces was made to determine the accuracy with 
which section data can be used to estimate the hinge— moment 
characteristics of control surfaces of finite span. The study 
consisted of a comparison between the variation of elevator 
hinge moments with elevator deflection and with airplane pitch- 
ing moment, as estimated from data obtained in two-dimensional 
flow, and that variation measured experimentally on 16 differ- 
ent horizontal tails mounted on wind-tunnel models of complete 
airplanes. The method used in applying section data to the 
evaluation of three-dimensional characteristics is outlined, 
and summary curves showing the variation of the major param- 
eters with c ont rol— surf ace chord, balance chord, and trailing— 
edge angle are presented. It is demonstrated that the three- 
dimensional hinge— moment characteristics of tail surfaces can 
be derived from existing section data with an accuracy which 
is within the tolerance required in preliminary design. 


INTRODUCTION 


Considerable data on the characteristics of large— chord 
flaps have been obtained (references 1 to 11), which establish 
the effect of the major variables (flap chord, balance chord, 
nose shape, nose gap, etc.) on the section aerodynamic charac- 
teristics of airfoils. The question has arisen on occasion, 
as to the degree of accuracy with which these data can be 
applied to the estimation of the characteristics of control 
surfaces in three-dimensional flow, This question is partic- 
ularly pertinent as applied to the horizontal or vertical' 
tail surfaces of complete airplanes, since these surfaces 



NAGA OB No, 5B05 


2 


(as distinguished, from ailerons) are subjected to mutual 
interferences, fuselage interference, and are of relatively 
low aspect ratio, so that the differoncos caused by these 
‘^secondary 11 effects might be so large as to preclude the 
use of section data for anything but the most approximate 
Estimates, 

In order to shed gome light on this problem, the ex- 
perimentally measured hinge-moment and pitching-moment char- 
acteristics of 16 different horizontal tail surfaces mounted 
on complete airplane models have been compiled and are com- 
pared with characteristics estimated from data obtained in 
two-dimensional flow, Jhis study has taken the form of the 
comparison of hinge-moment characteristics as defined by 
the variation of elevator hinge moments with elevator angle, 
with tail angle of attack, and witli airplane pitching moments. 
The types of aerodynamic balance' considered in the present 
investigation include internally sealed nose balance and un- 
shrouded nose overhang balance. 


No consideration has been given to shielded or unshielded 
horn-type balances. The data presented have been confined to 
those obtained at zero angle of at tack of the tail, but are 

attack encountered by a tail 


typical of the range of angles of 
in normal flight. Considerations 
deflections where stall is absent 
linear), and all the experimental 
absence of operating propellers, 
do not prevent application of the 
conditions where the elevator stick forces 
critical; namely, accelerated maneuvers at 


were limited to elevator 
(characteristics remain 
data were determined in the 
These restrictions, however, 
conclusions to the flight 
are normally most 
high speed. (where 


the elevator deflections are normally small and the slipstream 
effects are negligible). 


In order to facilitate the application of section data 
to control surfaces on which the important geometric variables 
were different from the basic data available, a systematic 
method of application was developed. This method and an il- 
lustrative example on ono of the tail surfaces are outlined 
in the section Method, and the results of application of this 
method to 16 tail surfaces are considered in the section 
Discussion. 


SYMBOLS 


The symbols used in this paper are defined as follows! 
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C 1 

Ci 

c h 


where 

1 

L 

h 

H 

M 

c 


M. A. 0. 



airfoil section lift coefficient 


/ i \ 

airfoil lift coefficient j 

W 



control— surf ace section hinge— moment coefficient 


(h/qc f s ) 

elevator hinge— moment coefficient 



airplane pitching— moment coefficient 


M 


S w (M s A.C,) 


airfoil section lift- 
airfoil lift 

control— surf ace section hinge moment 
elevator hinge moment 

airplane pitching moment about center of gravity 

chord of airfoil with control surface neutral, mean 
geometric chord of horizontal tail 

mean aerodynamic chord of wing 

chord of control surface aft of hinge line 

mean geometric chord of elevator aft of hinge line 

root— mean— square chord of elevator aft of hinge line 

area of wing 

area of elevator aft of hinge line 
dynamic pressure of air stream (■gpV 2 ) 


In addition to these the following symbols have been 
employed : 



BACA CB Ho. 5B05 


4 



Sg 

n e 

A 

d> 


a§ 

c *a 

° h a 

° h 6 

% 


angle of attack of horizontal tail or airfoil 

c ontrol— surface deflection with respect to the airfoil 

elevator tail length (horizontal distance from center 
of gravity of airplane to the center of pressure 
of the tail load due to elevator deflection) 

horizontal tail area affected by the elevator 

aspect ratio of horizontal tail 

trailing— edge angle of control surface 

(bc l /ba) s 

(5C 1 /ba)g 
( 5a/ 58 )c^ 


(5c 1 /58) a 

(5c h /5a)g 

(5C h /5a) 6 

(^h/oS) a 

(bC h /58) a 


The subscripts outside the parentheses indicate the 
factors held const in' - during the measurement of the parameters. 


METHOD 


The influence of 
in the calculation of 


ac m) 


a 


0 


the following factors has been included 
the parameters C^g , and ( 50^/ 


(1) The elevator chord aft of the hinge line 

(2) The elevator balance chord forward of the hinge line 


(3) The elevator nose gap 
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(4) 

The 

elevat 

or no 

se shape 





(5) 

The 

air f oi 

1 sec 

tion of 

the 

horizontal tail, 

espe- 

c ia 

lly as it 

affect 

s 

the in 

eluded angle between 

the 

upp 

er and lower sur 

faces 

at the 

trai 

ling edge of the 

airfoil 


(6) 

The 

aspect 

rati 

o of the 

hor 

izontal tail 



The 

dat 

a of referen 

ces 1 to 

11 

are used to establish 

the 

e f f e 

cts 

of the 

first 

five of 

the 

above variables 

on the 

sec 

t ion 

char 

acter is 

tics. 

The s e 

data 

were collected 

subse— 


quently and presented in reference 12. To facilitate the 
use of these section data, they have been fully corrected 
for tunnel— wall effect and are presented in figures 1 to 8 
in a form suitable for the present application. In the 
application of these data the following assumptions have 
been made: 

(1) The variation of the section characteristics <%-, 

c^g , and with percent chord will be independent of 

the section profile. This assumption permits the variation 
given in reference 1, which was determined from tests of an 
NACA 0009 airfoil with various chord flaps, to be applied 
to any other section profile, 

(2) The hinge— moment parameter increments due to changes 
in tr ailing-edge angle are independent of flap— chord ratio 
and have the following value: 

A C hq 
c la A ® 

Ac h§ 

The data of figure 2 of reference 11 have been reproduced in 
figure ? of this report in a form more suitable for the present 
application. Data from additional tests on beveled control 
surfaces (references 13, 14, and 15 ) have been included to 
demonstrate the scatter of the experimental points around the 
proposed correlation curve. It is obvious that all the factors 
which influence the effect of the trailing— edge angle on the 
hinge— moment parameters have not been included in these curves. 
Since the increments in trailing-edge angle needed in this 


= 0. 0050 


= 0,007 8 
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report are small (no "beveled tr ailing-edge control surfaces 
considered herein), no attempt has been made to determine a 
more accurate correlation method, and an average value has 
been chosen from the existing data. 

(3) The hinge— moment parameters of balanced flaps vary 
in the same manner with ratio of flap chord, to airfoil chord 
as do the parameters for plain flaps. This assumption is 
made for the sake of expedience. It lacks experimental veri- 
fication, but the effect of the possible error on the final 
results is not large, 

(4) The interference effects due to the fuselage or 

vertical tail do not affect , 0^. , or ( &C m ) a , 

Qi 0 

It was assumed that there was no carry-over of lift over 
the center section of the horizontal tail. 

In the application of these section data to finite— span 
control surfaces, the lifting— line theory and the assumption 
of an elliptic span loading have been used as a basis for 
estimating the effect of aspect ratio on the section lift and 
section hinge-moment characteristics. These assumptions 
enable the parameters (3a/ci8) c ^, (bCk/bc^g, and (bc^/SS)^ 

to be treated as independent of aspect ratio and spanwise 
location. Ho account has been taken of the variation of the 
induced angle along the span due to the actual spanwise load- 
ing, 1 and the refinements of lifting— surface theory have not 
been applied. 2 3 


1 Tho finite— span hinge moments for two of the represent- 
ative horizontal tails considered in the present analysis have 
been computed by taking into account the aerodynamic induction 
due to the actual spanwise loading. The very small increase 
in accuracy of these computations over those in which an 
elliptic loading was considered did not warrant the use of 
this refinement, 

2 Since the downwash actually varies along the chord, an 

error is introduced in the calculation of the hinge moments 
by lifting— line theory because the hinge moments are a func- 
tion of the distribution as well as the magnitude of the 
resultant pressure. Preliminary calculations of the chord- 
wise distribution of lift indicate an additional aspect— ratio 
correction which increases (algebraically) the hinge— moment- 
coefficient slopes. This limitation of lifting— line theory 
as applied to the calculation of finite— span hinge moments 
has been previously reported in reference 16. 
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The method of application divides itself into the 
following steps: 

A, Computation of the effects of aerodynamic "balance 

1. Internal seal 

(a) Estimate of parameters of plain sealed 
control surfaces (figs. 1 to 4) 

("b) Computation of hinge— moment increments 
due to balance (fig. 5) 

(c) Computation of the characteristic with 
balance ((a) plus (b)) 

2. External overhang balance 

(a) Interpolation of parameters for elevator 
balance chord, nose gap and nose shape 
(figs. 1 to 4) 

B 0 Adjustment of section parameters for effect of 
control— surf ace chord (fig. 6) 

C. Adjustment of section parameters for effect of 

trai ling— edge angle (fig. 7) 

D. Application of final section parameters to three- 

dimensional flow 


ILLUSTRATIVE EXAMPLE 


To illustrate the method, the following example has been 
carried out on the elevator of the horizontal tail of airplane 
A, the characteristics of which are shown in figure 9, This 
horizontal tail has a 0. 12— chord— thick airfoil section for 
which the trailing— edge angle is 14.6°. The control— surf ace 
chord ratio has a constant value of 0,40 and the elevator is 
equipped with an overhanging balance of 0„25c e , The nose 
shape of the balance closely corresponds to the medium nose 
shape of references 2 to 8 and the nose gap is 0,005c. 

A— 3.— Charact eristics of a 0.30— chord flap with a 
0.2PCp niedium~’n oso balanc e w i t h ~oTo' 05c~ga p~on~a n~ NACA~0009 
•SA.2LL2 4JL • “** Eigure 1 presents the section characteristics of an 
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NACA 0009 airfoil with a medium— nose profile overhanging 
balance,, From these .data, the section parameters for an 
airfoil equipped with a 0.30-chord flap with 0,25e e medium 
nose balance with 0.005c gap are as follows: 


c l 


a 


= 0.091 


a 6 

= -0.56. 

°^a 

= -0. 0043 

c u 

h 6 

= -0. 0078 

3.— Adjustment of section parameters for control— 

surface chord.- These values for a 0, srunh nrd flap 
corrected to 0.40— chord flap by the data presented in 
figure 6. 

c<| = 0.091 


a § = -0.56 X 

~ = -0.67 
0.60 

c h a = -0.0043 

0. 0084 

X = -0. 0060 

0. 0060 

c h 6 = -0. 0078 

X 0^152 * — 0, 0087 
0. 0120 


0.— Adjustment of section da_ta for t rail ing— edge angle,— 

To the preceding values an adjustment is made for trailing— 
edge angle $. The trailing-edge angle of the NACA 0009 air- 
foil is 11°, while that of the subject airfoil is 14.6°. From 
figure 7 for a c\ a of 0.091, a c lg of 0.67 X 0. 091 = 0. 061 

and a of 3.6°. 

Ac h = 0. 0050 X 0.091 X 3.6 = 0. 0017 
a 

Achg = 0. 0078 X 0. 061 X 3.6 = 0. 0017 
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Adjusting the previous parameters, the section character- 
istics of the horizontal tail of airplane A are obtained. 


= 

l a 

a 8 = 
= 


0. 091 

-0.67 
-0. 0043 


= -0. 0070 


B. — Application of the final section parameters, to.. ,. the. 
fin ite span .— These data are adjusted for a finite aspect 
ratio by the following relationships: 


C T = p 
L a 




a 


i + 

\ ttA 


(Values of p and r are plotted in- fig. 8.) 


C h = c, 


OL 


a 


a 


l a c\ 


a 


Ch s = °h fi + co 6 (c ha - 0 hn ) 


l a 


/ d°h \ °hfi 

' °la“» T e 


where V_ is the elevator volume and is equal to 


l h e Sw 


M.A.C, Sw 


Applying the section parameters to these equations, the 
aerodynamic characteristics of the horizontal tail of airplane 
A are obtained: 
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C L = 

0. 

05 9 

a 



<x 6 = - 

-0. 

06? 

Cg = 

-0. 

0028 

C h = 
11 8 

-0. 

006 C 

Oh^ = 

0. 

270 


V&Va 


Comparison with experimental resul ts.— This predicted 

variation of C^ with 5 is shown in figure 9. On the 
same axis, data obtained on a l/5— scale model of airplane A 
are plotted. It is observed that the data obtained in three- 
dimensional flow indicate a C^ g of —0.0052, a deviation 

from the estimated value of 0, 0008. 


The computed value of 



is plotted in figure 


and comparison is afforded between this value and that 
measured on the 1/5— scale model. , For this airplane the 
difference between the computed and measured values of 



is 0,010. 


9 , 


The value of C^ was not measured experimentally, 

but it may be determined from the original data by means 
of the following relationship: 


0 = x 5C rc/ M t 

h a ~ dC L (bCjhC L ) T 


where 

Cjj airplane lift coefficient 
i t 


tail incidence 
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Applying the relationship to the data of airplane A, 

is found to have an experimental value of — 0.0012, The 
computed value of this slope was -0,0028, a deviation of 
0.0016. 


Discussion 


Similar calculations have he on made on the horizontal 
tail surfaces of 15 othor airplanes, The estimated and 
measured values of C h g and (dC h /SC m ) a are plotted in 

figures 9 to 24, and arc tabulated in table I, All values 
are presented at the angle of attack at which the tail is 
subjected to zero lift (elevator undeflected) with power off. 


Tho correlation of C^g is very good in the majority of 

the cases considered, the scatter of the experimental points 
about the computed curves being, in most instances, about 
equal to normal experimental scatter. For 12 of the 16 
tail surfaces included in the analysis, the difference between 
tho predicted and the measured values of C^g was between 

io.0008. This difference is equivalent to the balance effect 
of less than ±3 percent c e nose balance on a closely balanced 
elevator. The deviation of the slope in the remaining cases 
was —0,0013 or less. For 11 of the 16 cases considered, the 
computed value of C^g was too negative, indicating the 


necessity of a larger correction to 


C ii6 


due to aspect ratio. 


Due to the nonlinearity of the relationship involved, 
it is difficult to establish an experimental value of „ 

For the cases considered, the deviation between the experi- 
mental and the estimated values ranged from 0„0003 to 
—0.0020, For all the airplanes except three, the computed 
value of C ha was algebraically smaller than the value 
measured in the wind tunnel. This is in accord with the 
additional aspect— ratio correction to c ho, predicted from 
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a consideration of the chordwise distribution of the resultant 
pres sur e . 


of 



deviat 

was 

a 


i 


on between the measured and computed values 
less than 0, 060 in 12 of the 15 cases con- 


sidered and, with a single exception, was less than 0,079 in 
the remaining cases. In the single case where a very marked 
difference exists between the measured and computed values 
(airplane N), the cause is the exceptionally low elevator 
effectiveness (dC m /b6 e ) determined experimentally. In five 
of the fifteen cases, a better correspondence would have 
been obtained if some carry-over of lift had been assumed 
across the fuselage. However, the other 10 cases indicate- 
that the assumption of no-lift carry-over gives the best 
average results. It would appear that C^g can be predicted 

with greater accuracy than can (bCu/bO m ) , 

cc 


In order to estimate the magnitude of the error which 
would result from the use of these estimated hinge— moment 
data in the calculation of airplane stick forces in acceler- 
ated flight, computations have been made of the stick force 
per g on a typical pursuit airplane due to the discrepancy 
between the calculated and the experimental values of the 
hinge— mement parameters. The equations used in this analysis 
and the assumed airplane characteristics are indicated in 
the appendix. These airplane characteristics are believed 
typical for a modern high-speed airplane having a span of 
approximately 42 feet and a gross weight of 10,000 pounds. 
Results of these calculations are listed in table I, For 
nine of the fifteen horizontal tails considered in the analy- 
sis, the stick force per g due to the difference between 
the estimated and the measured hinge— moment slopes was less 
than 4 pounds. The stick force per g in the remaining 
cases varied from 5.3 to 16,4, In all cases except seven, 
the stick force per g would have been underestimated by 
using the computed hinge— moment data. 


In tho application of these data to a full-scale airplane, 
a very important variable exists for which few data are avail- 
able, namely, tho effect of Mach number. All the data presented 
herein have been obtained at a Mach number of less than 0,2, 
Tests made at high speeds have indicated Mach number effects 
on t.he hinge— moment parameters which are a function of several 
variables. Among these variables are the trailing— edge angle 
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of the control surface, the amount of nose overhang, the 
profile of the nose Balance, and the nos e— Balance gap. In 
most cases, increasing Mach number tends to increase alge- 
braically both Ch* and C>, . 

5 - 1 <X 


This overbalancing effect 


Mach number on 


'hg 


in- 


creases with increasing trai ling— edge angle, with increasing 
nose overhang, and with increasing nose— balance bluntness. 

trai ling— edge control surface 
unsealed nose balance, increasing 


In one case of a beveled 
($= 23°) with a 0.35c G 
the Mach number from 0,2 


to 0,8 resulted in a AC 


h 6 


of 


0. 0065. 
('!>= 13°) 
crease in 

0 


Another example is that of a normal— prof ile elevator 
with a 0.40c e blunt— nose balance for which the in— 
Ch§ due to increasing Mach number from 0.2 to 

8 amounted to 0.0035. 


A need exists for a systematic investigation of the 
effects of Mach number on control— surf ace hinge moments. 
Examination of data which arc available indicates that the 
least Mach number effect can be expected for control surfaces 
which are not bulged' or beveled and have either no balance 
or a sealed internal balance. 


C OH C BUD I HG BEMAEK S 


It is concluded from the foregoing comparisons that 
the hinge— moment characteristics of tail surfaces can be 
derived from existing section data with an accuracy well 
within the tolerance required in preliminary design. It is 
acknowledged that the effect of other factors, such as fabric 
distortion and high Mach number, may influence to a large 
extent the final airplane stick forces. 

The utilization of lifting— line theory introduces an 
error in the application of section hinge— moment data to 
finite— span control surfaces. An additional aspect— ratio 
correction to the hinge moments due to the chordwise distri- 
bution of downwash is indicated. This correction will tend 
to increase (algebraically) the elevator hinge moments, thixs 
increasing the accuracy to which finite— span hinge— moment 
characteristics may be predicted from section data. 

Ames Aeronautical Laboratory, 

Hational Advisory Committee for Aeronautics, 

Moffett Field, Calif., Oct. 9, 1944. 
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APPENDIX 


The following equation has been developed to define 
the variation of elevator stick force with normal accelera- 
tion for an airplane in steady turning flight: 


Af 


f 

C h q 



(oC a /ac L )8 \ 

^6 J -(bC m /'68 e )C l j " 


(n-1) 


+ 2.192 



l h c 


ffM h^ 

XKShJ 

J a 


+ 


5Gh^, 


bS 


(_ 0 & m / d^t ) a \ 

-(lc~/b5) a / J 


where all symbols have been previously defined except 


v/ 


elevator stick force 

wing loading, pounds per square foot 
normal acceleration 

horizontal tail length (distance from airplane 
center of gravity to center of pressure of 
horizontal tail) 

density ratio, 


and a refer to the airplane 

The following values of the above variables have been 
assumed as typical for a modern pursuit airplane? 



0. 16 
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t w = 35 pounds per square foot 
= S 0 feet 

a = 0. 7385 (10,000 ft altitude) 



For the sake of simplicity it has teen assumed that 


f^h \ 

°L 

/ ^ChA 

v 81 t4 L ‘ 

(lCm\ = 
^ i t/ CL 


■>>56 e J 

e a 


•'a. 
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Applying the above values, the stick force required to 
attain a 2g normal acceleration in steady turning flight 
may he written as 


f = 535 0 --■& - 8940 

Sit oS 
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TABLE I 


COMPARISON OF CALCULATED AID EXPERIMENTAL SINGE-MOMENT PARAMETERS 



Chg 

Cha 

(ac h /ac m ) a 



— — 

’1 


Airplane 

Model 

Calcu- 

lated 

Experi- 

mental 

Calcu- 

lated 



Experi- 

mental 

Calcu- 

lated 

Experi- 

mental 

A V 

A °ba l 

*(m 

m 

2 

Af 

A 

-0.0060 . 

-0.0052 

- 0.0028 

-0,0012 

O.27O 

0.280 

— 0.0008 

-0.0016 

-0.010 

-1.4 

B 

-,006l 

-.0060 

-0OOI9 

-.0024 

.296 

.256 

-.0001 

.0005 

.040 

3.5 

c 

-.0031 

-.0018 

-.0014 

-.0023 

.150 

.071 

-.0013 

.0009 

,079 

16.4 

D 

-*0051 

-.0038 

-.0020 

0 

.213 

.200 

-.0013 

-.0020 

.013 

.9 

E 

-. 0024 ' 

-.0016 

-.0009 

-.0002 

.119 

.085 

-.0008 

-.0007 

.034 

3.3 

F 

-.0027 

-.0029 

-.0010 

-.0010 

.152 

.160 

.0002 

0 

-.008 

-1.8 

G 

-.0024 

-.0024 

-.0009 

-.0006 

.130 

.130 

0 

-.0003 

0 

-1.6 

H 

-.0054 

-.0043 

-.0021 

-.0010 

.303 

.270 

-.0011 

-.0011 

.O33 

3-9 

J 

-.0049 

-.0036 

-.0018 

-.0008 

.280 

,245 

-.0013 

-.0010 

.035 

6.2 

X 

-.0094 

-.0086 

-.0043 

-.0026 

,360 

o 305 

-.0008 

I--! 

0 

0 

e 

1 

.055 

-1.9 

L 

-.0050 

-.0054 

-.0010 

-.0002 

ihk 

u 

.364 

. .0004 

—.0008 

-.060 

~ 7°9 

?,f 

-.0024 

- O 0032 

-.0002 

0 

. 1*4 
^ ■ 

.200 

.0008 

-.0002 

-.066 

8.2 

IT 

— 0OO06 

-.OO63 

-.0007 

.0008 

.306 

.500 

-.0003 

-.0015 

-.194 

- 5.3 

0 

.0002 

.0002 

.0008 

.0007 

-.008 

0 

0 

-.0001 

-.008 

• 5 

p 

.0025 

.0032 



-.103 

-.130 

-.0007 


0O27 


Q 

-.0019 

-.0006 

-,0013 


-.0011 

-.0010 



-.0001 





c J- 


ear curat eo. varue ox slope minus experimental value ox slope. 
s Stick force per g of normal acceleration due to AC]^ and ACj^g, Af= 535 ^ ACt^ -8940 AC^g 
NOTE,- When AC^g and ACj^ possess the same algebraic sign, the stick forces due to the hinge- 
moment increments are comuensative. 
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